compared to analytical SEC with a quad detector system. The latter, employing LS detection, provides a more accurate MW estimate for membrane proteins in detergent because the scattering intensity is directly proportional to the MW of the protein and is independent of shape 2 . The additional detectors for UV and RI can be used to determine the contribution of bound detergent to the MW. The distribution of the molecular mass and size of the PDC is described by several parameters and directly determined in the MALS experiment: M n is the number average molecular mass and is the arithmetic mean of the mass distribution, M w is the weight-averaged molecular mass, M z is the Z-number average molecular mass, and R h is the hydrodynamic radius of the PDC. Methodological details of the experiments shown in this figure are very similar to those found in our previous work 3 .
Supplementary Figure 2. Comparison of Ca
2+ -bound, Ca 2+ -free, and 2ZW3 Cx26 gap junction channels.
Superposition of side views of the (a) GJC structures (represented in cartoon) and of (b) a single Cx subunit (represented in ribbon). In all panels, the Ca 2+ -bound model is shown in cyan, the Ca 2+ -free model in orange, and the 2ZW3 model in purple, with Ca 2+ ions shown as yellow spheres. Though the Cα RMSD of the TM -helices is modest (0.9 Å) and the pore dimensions are very similar, the largest divergence is found in the E1 and E2 loops, with maximum RMSDs of ~4 Å for the Cα atoms and ~8 Å for the side chains (averaged all-atom RMSD is 1.0 Å and 1.3 Å for the E1 and E2 loops, respectively). Specifically, there are two regions of significant backbone deviation between the models reported here and 2ZW3. One occurs near the Ca 2+ -binding site, at residues 42-46
(dashed box) (the other is residues 56-59, as described below). (c) A close-up of the dashed-box region from the overlay in (b) as viewed (top) from the pore or (bottom) from the extracellular gap. The Cα backbone is shown in ribbon representation, and the average main chain RMSD is 2.6 Å. Residue numbering is shown at the respective Cα atoms for each model. Although there are slight backbone differences between our Ca 2+ -bound and Ca 2+ -free structures in and around this region (mainly for residues 45-47), the average C RMSD is only 0. The distances given are in Å and are listed as, in order, the RMS deviation, the average deviation, and the maximum deviation for a particular alignment pair.
Supplementary Discussion The cytoplasmic domains of Cx26
The computational studies that we performed did not consider the roles of the NT, CT and CL in Ca 2+ -induced changes in permeation or gating, as these domains were not resolved in the crystal structures. To the extent that these regions shield, enter or interact with the pore, they would be expected to influence permeation in ways not addressed here. in hemichannels (see below), and perhaps in junctional channels as well.
Justification for independent structure determination
The first X-ray crystallographic structure of the Cx26 gap junction channel (PDB ID:
2ZW3) was solved in a heroic effort by the laboratory of Dr. Tomitake Tsukihara. The challenging and meticulous structure determination has been described in detail 12, 13 . The obvious method for phasing our Cx26 X-ray crystallographic data was molecular replacement with the 2ZW3 model, and this is the method we used initially to solve the Ca 2+ -bound Cx26 structure.
However, after refinement of the model, there was very weak density for the cytoplasmic extensions of the TM helices and no electron density at the position of the N-terminal helices present in the 2ZW3 model. In an effort to understand the absence of electron density corresponding to the N-terminal and cytoplasmic domains in our maps, we calculated 2F o -F c and F o -F c maps from the deposited 2ZW3 coordinates and structure factor amplitudes. The resultant 2ZW3 maps contained only weak density in the regions of the N-terminal helices. We contacted the authors of the 2ZW3 structure who provided clarification regarding the modeling of the N-terminus and an image of a simulated annealing omit map (but not the map file), which was calculated without the N-terminal domains of the model. The image, a cytoplasmic view of the pore, showed some contiguous electron density at the positions of the N-termini. However, we decided that it was prudent to solve our Cx26 structures without the aid of 2ZW3 in an attempt to resolve with certainty any differences in the structure of the N-terminal domain.
Ultimately, we were unable to model the cytoplasmic TM extensions or the N-terminus in either our Ca 2+ -bound or Ca 2+ -free structure.
Relevance of our results on gap junction channels to hemichannel physiology
Normal extracellular Ca 2+ keeps unapposed hemichannels in the plasma membrane in a predominantly closed/non-conductive state. We suspect that the Ca 2+ binding sites that we identified likely involve some or all of the same residues that regulate hemichannels. The basis for this assertion is that the Ca 2+ binding sites reside in a region that has been implicated across multiple connexin isoforms as a locus for hemichannel regulation by extracellular divalent cations, based on deafness-causing mutations that result in aberrantly open hemichannels and on experimental mutagenesis [14] [15] [16] [17] [18] [19] [20] . In addition, it has been proposed that a network of electrostatic interactions in this region 21 stabilizes a conductive state, and that specific electrostatic interactions are disrupted by extracellular Ca 2+ to destabilize it 17, 18 . Furthermore, conformational changes associated with loop gating, a voltage gating process that can be modulated by divalent cations, map to this locus [22] [23] [24] . Altogether, this demonstrates the importance of the M1/E1 segment in the function and regulation of GJCs and hemichannels. (Figs. 1a, 5f ) 34 . We propose that such mutations may alter Ca 2+ binding and result in channelopathies.
In Cx26 hemichannels, electrophysiological studies combined with site-directed mutagenesis, chemical modification and thermodynamic mutant cycle analysis have identified residues and interactions that are involved in Ca 2+ sensing and the consequent gating changes.
The published data indicate that Ca 2+ sensitivity has a strong requirement for a negatively charged residue at position 50 (D50 in wild-type channels), which interacts with Q48 and/or K61 in an adjacent subunit in a Ca 2+ sensitive manner 17, 18, 35 . These studies do not identify these residues as directly coordinating the Ca 2+ but make clear that they are intimately involved in the molecular mechanism by which Ca 2+ gates the channels. Recent MD simulations have also implicated this region as a Ca 2+ binding site, identifying E42, D46, E47 and D50 as particularly important for coordination 36 .
An exception to the focus on residues within E1 as the site for Ca 2+ binding is the proposal that two aspartate residues (169 and 178) within E2 of adjacent subunits in Cx32 harbor the divalent cation-binding site; this is based on decreased Ca 2+ sensitivity of voltage dependence when the residues are mutated to asparagine 31 . However, this site could be specific to Cx32 since an anionic residue in the vicinity of position 169 is not present in most connexin isoforms, yet these are well regulated by extracellular Ca 2+ .
